Abstract: Stream networks are highly complex systems, in which spatially complicated and temporally varying water quality patterns develop. River eutrophication is underlain by nutrient inputs across the entire stream network and is controlled by many interacting factors in an ever moving and renewing medium. These complex features must be perceived as a whole entity to control river eutrophication. The Szamos River is one of the largest tributaries of the Tisza River in Eastern Europe. It delivers high loads of nutrients and algal biomass and fundamentally influences the hydro-morphological, chemical and ecological status of the Tisza River. To improve the ecological status of the recipient river, nutrient and phytoplankton inputs from the tributary should be controlled, yet the two rivers belong to different countries, which are reluctant to harmonize management plans. This study aims at modeling trophic status of the tributary with the PhosFate nutrient emission model to outline a set of management measures that would satisfy both countries. Four management alternatives are analysed with altered landuse patterns, and management options. Each of these alternatives is evaluated against the present conditions.
Introduction
Stream networks are highly complex systems, in which spatially and temporally varying water quality patterns develop. While lake eutrophication can be successfully managed based on well established relationships between algal biomass and loads of limiting nutrients, usually phosphorus [1] , a similar relationship does not seem to be universally valid in rivers. Although most algal genera in rivers are also represented in lakes [2] , there is a fundamental difference in the physicochemical environment that selects for different species in these two types of aquatic habitats [3] . This results in a significant difference in the relative abundance of various species.
While coordinates of time and space are separated in a standing water body (i.e., there is no predefined path of water movement), there are trajectories of flow in stream networks that transport entrained algae through different environmental gradients. Although water residence time in large river basins is comparable to some lakes and reservoirs (weeks to months; [4] ), the algae spend this period with a journey through immense variations in the physical environment. In small and medium sized rivers the available timeframe for in-stream development is shorter (usually below a few days), which means a brief but diverse trip for the phytoplankton. Therefore, small, rapidly growing, opportunistic species-often diatoms-dominate the phytoplankton community in free-flowing rivers [2, 5] . Growth limitation quickly varies by location and period, as determined by the complex interaction of external boundary conditions and the topology of the stream network. The specific features of individual stream networks must be assessed to successfully manage river eutrophication. Besides all the natural intricacy, management has to consider the socio-economical objectives as well, which is especially difficult when multiple authorities govern different parts of the stream network.
The Szamos River (in Romanian: Someş) is one of the largest tributaries of the Tisza River. Of the catchment of 15,700 km 2 , 98% belongs to Romania, the rest to Hungary. Pluriannual mean discharge is 120 m 3 ·s −1 at the mouth. The Szamos River delivers relatively high nutrient loads and algal biomass.
Phytoplankton export from this river causes a disruption in the trophic profile of the Tisza River [6, 7] . This, in turn, can be assumed to drastically alter the structure and functioning of the whole trophic network along the Hungarian Tisza River. To improve the ecological status of the Tisza River, nutrient and phytoplankton inputs from the Szamos River should be controlled. Yet, the two countries (Romania and Hungary) are reluctant to harmonize their management plans, probably due to their radically different interests. Romania cares most about the infrastructural development in the Szamos catchment, while Hungary cares most about water quality in the Tisza River. The present study aims at outlining a set of management measures that would result in a significant improvement in terms of both objectives using a GIS-based modeling approach. The procedure can be considered as a blueprint for designing river eutrophication control under conflict of interests among countries or different provincial authorities sharing the same river system.
Experimental Section

Measurements
Systematic biweekly to monthly water quality data were available at three sites in the Szamos River (51, 46.4, and 21.9 river km) in the period 1987-2012 from the National Water Quality Database of Hungary ( Figure 1 ). Since discharge was measured only at the city of Csenger (46.4 river km), this site was considered to represent the outlet of the Szamos River catchment (Figure 1 ). Figure 1 . The Szamos/Someş catchment with major cities, standing waters and the 15 sampling locations. The discharge gauge at the city of Csenger was considered as the catchment outlet for this study.
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Discharge-weighted river loads of dissolved P (DP), particulate P (PP), and dissolved inorganic N (DIN) were computed using daily mean discharge data. Since total dissolved P was not measured, soluble reactive P was taken equal to DP and PP was calculated as the difference of total P and DP. DIN was the sum of ammonium-N, nitrite-N and nitrate-N. River load of suspended solids (SS, (g·m −3 )) and chlorophyll-a (Chl, (mg Chl·m −3 )) was calculated similar to that of nutrients.
Phytoplankton biomass was characterized by mean summer concentration of Chl along the Szamos River in 2012 based on [7] . Summer mean concentrations were calculated based on the biweekly concentrations measured from 11 April to 16 October 2012 at 13 sites of the Szamos River between Dej and the confluence, as well as in the two main branches upstream of Dej, the Someşul Mare and Someşul Mic Rivers (Figure 1 ; [7] ).
Catchment Model
Due to the importance of spatial variability of river eutrophication, river basin management planning has to be based on tools that operate with as high spatial resolution as possible. This is crucial for both the high-fidelity reproduction of existing eutrophication patterns and the ability to simulate the impacts of management measures that act at a local scale.
The PhosFate model was used to calculate nutrient emissions and transport in the catchment. PhosFate is a catchment-scale phosphorus emission model [8, 9] . It has been developed to support decision-making in catchment management. The model allows for planning and evaluating the impact of best management practices on phosphorus loads using the critical source area concept. PhosFate is a semi-empirical, long-term average, distributed parameter model. It computes the main elements of the hydrologic cycle, local soil erosion and the associated mobilization of phosphorus, soil and phosphorus transport in the terrestrial areas and throughout the stream network. The model has been validated in several types of Central European catchments, the size of which ranged from a few km 2 to several thousands of km 2 [6, 8, 10, 11] . Model applications showed good performance in both arid and wet regions.
The overarching model concept is to represent spatial heterogeneity of the catchment by linking homogeneous, small-sized elementary cells that bear a series of individual properties. Cell size is adjusted to the spatial resolution of the available input data and is preferably 100 × 100 m or less. Rates of soil loss and P emission are computed independently for every single cell. Then the individual cells are connected by the flow-tree and cumulative transport is calculated with an explicit routing using mass balance equations that include the retention of soils/sediments and PP. A linear P partitioning is assumed between solid and dissolved phases in the soils, and in surface runoff. Diffuse DP load is transported to waterbodies by both surface runoff and baseflow. Point emissions are introduced directly into the watercourses that emerge as a result of flow accumulation and routing. Mass balance equations describe in-stream transport of the suspended load and PP.
PhosFate includes an optimization algorithm that iteratively finds critical source and transport areas to minimize diffuse phosphorus output from the catchment at the lowest spatial extent of interventions. For the purpose of the present work, a variety of PhosFate was used that possessed an algal growth and a simple dissolved nitrogen emission and transport module [7] . Algal growth was characterised by a net growth rate including all possible factors affecting the growth rate of phytoplankton except nutrient limitation. Thus, underwater light availability, grazing were considered implicitly in the calibrated growth rate.
Agricultural Nutrient Balance
The PhosFate model calculates diffuse particulate P (PP) emission from elementary cells as the product of soil loss and P content of surface soils. Thus, the nutrient status of agricultural soils is a direct modelling input. In previous applications of PhosFate [9] [10] [11] , this input was accumulated from annual agricultural P surpluses/deficits estimated from statistical data (mineral fertilizers and manure, harvest) over the past 50 years. This approach, however, had several shortcomings [12] . First, long-term accumulation may seriously overestimate present nutrient status of soils since transformations between active and inactive P forms, as well as nutrient loss from soils are neglected. Second, constant specific nutrient content in manure and in harvested crops may be misleading when substantial changes occur in the nutrient status of agricultural soils, since both plants and animals adapt their nutrient use efficiencies to nutrient availability in a considerably wide range [13] . Third, 50 years long statistical series are typically available at very low spatial resolution. Downscaling these data to finer scales would require a lot of additional information. Considering these difficulties, the agricultural nutrient balance of P (kg P ha −1 ·year −1 ) and N (kg N ha −1 ·year −1 ) was estimated for only the past decade. The modified approach does not fully eliminate the shortcomings of the original PhosFate methodology but efficiently decreases its bias.
Agricultural nutrient budgets (ANBs) were computed as the sum of manure and mineral fertilizer application, in-field excretion by grazing livestock, N 2 fixation, and nutrient removal by grazing and harvest. Other components have been neglected either because of their negligible overall impact or insufficient data availability.
Management Alternatives
Four management alternatives were analyzed with altered landuse patterns and management options. Each of these alternatives was evaluated against the current conditions (Scenario PRESENT; Table 1 ). Scenario BIOGEOCHEMICAL BACKGROUND was free of any human impact. There were no point emissions and reservoirs; soil nutrient levels were at the background level (that is, they were calculated from the (present) clay and humus content of the topsoils). Present grasslands were forested with the appropriate type of trees (deciduous, coniferous or mixed), present arable land was converted to grassland. This scenario provided the natural outputs (nutrient loads and phytoplankton biomass) from the catchment.
Scenario SOCIETAL BACKGROUND delimited the reference condition, below which nutrient emissions cannot be reduced in the presence of humans. This alternative assumed extensive agriculture and a lack of point-source pollution. The only difference from BIOGEOCHEMICAL BACKGROUND was that the present landuse structure was assumed to prevail.
Two management options were considered. Scenario RBMP was based on the middle-term (2018) sewer network and WWTP development plan outlined in the "River Basin Management Plan of the Someş-Tisa" [14] . When the technology of future WWTPs was not given, biological treatment was assumed. P and N removal efficiencies were set to 25% TP and 15% TN [15] . Where enhanced sewage treatment was planned with additional N removal, efficiencies were increased to 30% TP and 40% TN based on the existing Cluj-Napoca plant [16] .
Scenario BAT-BMP introduces the best available wastewater treatment technology in the 9 largest WWTPs of the RBMP alternative. Sewer development is needed in the operation area of these WWTPs as outlined by Apele Romane (2009). No change was assumed compared to the present situation in the rest of the settlements. Removal efficiencies in BAT were set to 95% TP and 85% TN [15] . Besides controlling municipal nutrient emissions, Scenario BAT-BMP included the control of diffuse emissions via optimized landuse conversions (Best Management Practices) designed by the optimization algorithm of the PhosFate model.
Results and Discussion
Present Water Quality
Nutrient loads delivered by the Szamos River were relatively low in a European comparison [17] , thanks to the low population density (88 inhabitants km −2 ) and dominantly extensive agriculture. Yet, the loads delivered by the Upper Tisza River were even lower by 25%-30%, although the catchments of the two rivers are neighbouring and have similar landuse patterns. Therefore the medium-term (10-15 years) management objective should be a 25%-30% reduction in nutrient loads delivered by the Szamos River to the Tisza River. Easily controllable point sources were responsible for 60% of N and 80% of P loads in the Szamos catchment. This high share of point emissions was due to inefficient management of municipal wastewater and to the high number of industrialized animal farms (poultry, pig) that were usually deployed close larger rivers without proper effluent treatment. While nutrient loads were moderate, summer algal growth was fast in the main channel ( Figure 2 ). This was explained by the almost pristine hydromorphology of the upper two thirds of the Szamos River. The unregulated channel provided a diverse array of habitats with highly variable depths and flow velocities. Meroplanktonic diatoms, which dominated the phytoplankton downstream of Dej in the summer, escape rapid washout by temporarily settling to the well-illuminated bottom along the extended shallow areas of the channel [7] . Thus, advanced eutrophication paradoxically indicated the high ecological potential of the Szamos River. After the initial fast growth downstream of Dej, mean summer algal biomass remained high along most of the sections to the catchment outlet, except for a temporary drop from km 200 to 250 (Figure 2 ). The drop may have been caused by the toxic pollution delivered by a tributary coming from the mines and industries of Baia Mare, but precise reasons are still unknown [12] .
Agricultural Nutrient Balance
Balanced fertilization dominated in arable land and plantations in the Szamos catchment; 77.5% of arable land and 56.1% of plantations belonged to this category. Simultaneously, 91.5% of grasslands were estimated to loose nutrients (insufficient fertilization). As a whole, 793,102 ha of agricultural land (89% of total) experienced insufficient or balanced nutrient supply. Over-fertilization was estimated only in 40,529 ha, equivalent to 4.5% of total agricultural area. This strongly contrasted many other regions of the World where the agro-economic boom is characterized by increasing yields and steady nutrient surpluses [18] .
Under the present economic constraints, a basically closed regional nutrient cycling was the key feature of agricultural production in the Szamos catchment ( Figure 3) . The close to zero overall nutrient balance would, however, be unsustainable since the nutrient supply in arable land and plantations was maintained by nutrient withdrawal from grasslands. Shaded area is the 95% confidence band. Note that both scales are logarithmic).
Annual rate of soil loss ranged from 0.01 to 390 t ha −1 ·year −1 . Variability through many orders of magnitude is a widely observed feature of erosion. This huge variability is the basis for the common catchment management practice that aims at identifying and controlling erosive hotspots. Hotspots occupy only a negligible portion of a catchment, yet they are responsible for the bulk of sediment and diffuse nutrient loads [19] . The average rate of soil loss was 9.1 t ha −1 ·year −1 across the entire Szamos catchment. This converted into a soil loss of 14.2 million tons or into the loss of a 0.48 mm thick soil layer annually, assuming the specific density of soil particles (2.7 t·m −3 ) and a mean porosity of 30%.
This average soil loss fell into the tolerable range [20] . Estimated sediment flux agreed reasonably with the observed flux at the outlet of the Szamos catchment. The adjusted retention constants were k SS,t = 8×10 −4 ·s −1 during overland flow and k SS,ch = 8×10 −6 ·s −1 during in-stream transport. Only a small fraction of total soil loss was delivered to the catchment outlet (delivery ratio was 1:13). The adjusted deposition rate of the SS flux also applied to the PP flux. Simulated annual PP load (451 t P·year −1 ) fitted well to the observed load at the outle (444 t P·year −1 ).
Loss constants of DP and DIN during river transport were calibrated from the estimated point emissions and summer fluxes of these nutrient forms at the outlet. The adjusted constant for DP loss excluding phytoplankton uptake was k loss,DP = 8.4×10
−6 ·m −1 . Since travel velocity showed little variability around an average value of about 1 m·s −1 in the bulk of the stream network, the loss rate of DP was almost identical to the deposition rate of PP (and SS) during in-stream transport. While the retention mechanisms are different for DP (adsorption by sediments and/or uptake by benthic microorganisms) and PP (net settling), the similarity of the adjusted k SS,ch and k loss,DP values indicated that the two processes were closely coupled. This suggested that adsorption might have dominated DP retention, whereas biotic processes played a subordinate role. Due to the dominance of abiotic mechanisms, DP loss is a process that takes place throughout the year. The simulated annual DP + algal P load of 380 t P·year
favourably compares with the observed mean load of 393 t P·year −1 . In spite of the high in-stream retention efficiency (64%), 86% of the simulated DP + AP load originated from point sources.
Phytoplankton growth was calibrated against the observed mean biomass profile along the Szamos River. The adjusted apparent net growth rate was as high as 2.5 day −1 . The model reasonably reproduced spatial growth pattern of phytoplankton along the Szamos River, including rapid growth downstream of Dej (Figure 2 ). The high apparent net growth rate was indicative of the importance of benthic retention mechanism that enabled meroplanktonic algae to sustain high recruitment rate in the water by maintaining a large benthic stock that reproduced at a realistic low growth rate of 0.2-0.25 day −1 .
The temporary drop in mean algal biomass between 200 and 250 km could not be simulated as neither toxic effects were not included in the model.
Evaluation of Management Alternatives
In Scenario RBMP, the sewer network would be extended significantly. With the exception of regional facilities, low efficiency mechanical and biological treatment would be installed. This would result in a 36% and 16% increase in annual municipal emissions of DP and DIN, respectively. Mean annual loads of these nutrients (DP + AP and DIN + AN) would increase at the catchment outlet by 43 t P·year −1 and 265 t N·year −1 (Table 2) . Elevated loads would result in a slightly higher mean algal biomass ( Table 2 ).
The largest deterioration would be expected in the trophic status of the Someşul Mare River and in the Szamos River between Dej and the confluence of the Lapuş River. Thus, Scenario RBMP would increase both present nutrient loads and phytoplankton input into the Tisza River. PRESENT  120  1070  831  451  380  5148  44  BIOGEOCHEMICAL BACKGROUND  109  88  65  19  46  748  5  SOCIETAL BACKGROUND  120  1177  474  332  142  2270  9  RBMP  120  1070  874  451  423  5413  49  BAT-BMP  120  600  541  264  277  3889  20 Scenario BAT-BMP assumed the introduction of state-of-the-art sewage treatment in nine major WWTPs planned to operate by 2018 and introduced BMPs in 1% of the catchment. Optimized management would decrease annual mean loads PP and SS by 44% from diffuse sources ( Table 2) . In most cases, the optimization algorithm prioritized establishment of buffer strips along low order streams. The preference for enhancing retention near low-order streams over reducing erosion on steep slopes coincided with our previous findings in a much smaller catchment (the Zala River; [10] ). DIN + algal N loads decreased to 1259 t N·year −1 , primarily due to the reduction in point emission. As a consequence, summer mean biomass of phytoplankton decreased by more than 50% in the Szamos River (Table 2 ; Figure 5 ). To realize the largest improvement in the trophic status of both the Szamos and the Tisza Rivers, priority must be given to achieve the highest P removal efficiency allowed by the best available technology in WWTPs (95%), because algae are P limited along the main channel. Considering the high distance-specific in-stream loss coefficient of DP, WWTPs closer to the catchment outlet should be upgraded first. Scenario SOCIETAL BACKGROUND highlighted that the present pollution mostly originated from point sources. The elimination of all wastewater inputs halved both P and N loads ( Table 2) .
Scenario BIOGEOCHEMICAL BACKGROUND suggested that nearly all of the present PP load and 85%-90% of the DP+AP and DIN+algal N loads were due to human impact (Table 2 ). River algae were P-limited in most of the stream network. Mean summer biomass of phytoplankton was about 5 mg Chl·m −3 , 10% of the present value (Table 2) . Presently (1995-2012) summer mean biomass of algae was 3.6 ± 1.0 mg Chl·m −3 in the Tisza River at the nearest monitoring site upstream of the confluence with the Szamos River. Therefore it is clear that the Szamos River has been more productive than the Tisza River even under pristine conditions. Human activity, however, substantially magnified the extent of this impact.
In both BACKGROUND alternatives reduced nutrient availability was not the only factor that influenced algal growth. Large lakes and reservoirs represent a very important hydro-morphological modification factor inside a stream network in terms of nutrient balance and algal growth [21] . The large reservoirs situated in the mountainous upstream parts of both the Someşul Mic and Mare subcatchments were absent from these two alternatives. Therefore mean water age at the mouth of the Szamos River decreased from the present 55 days to 4.3 days. As a consequence, phytoplankton could not exhaust nutrient-determined carrying capacity in many streams and rivers. This, together with diminished nutrient supply has led to a general improvement in trophic conditions across the stream network.
Based on the evaluation of alternatives, the application of BAT-BMP measures would meet the medium-term nutrient management objective, while executing RBMP would be a step in the wrong direction with respect to water quality. Implementing BAT-BMP would mean that the negative impacts of human activities would drop to less than half, a significant step towards the best attainable status with the presence of humankind on the catchment.
Conclusions
River basin management should rely on local information to elaborate realistic plans that would, with high probability, improve water quality . Topology of the stream network, position of large reservoirs and fishponds, as well as hydromorphology are crucial to understand the functioning of the river system. Moreover, management targets need to be tailored to local conditions: the eutrophication potential is highly variable even between neighbouring river systems and this needs to be considered when one wants to set feasible and sensible objectives.
Comparison of RBMP and BAT-BMP Scenarios cast light on the major conflict of interest between stakeholders of the Szamos catchment (mostly Romania) and along the Tisza River (mostly Hungary). The RBMP Scenario would improve local sanitary conditions at the cost of further deteriorating water quality downstream. In contrast, the proposed BAT-BMP Scenario would provide a healthy mixture of infrastructure development (upgraded and new WWTPs) and water quality improvement along both rivers. Instead of sacrificing water quality management for infrastructure development, rural population of the Szamos catchment should be supplied with better sanitation keeping pace with installation of best available technologies in new WWTPs.
